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Introduction
M13 bacteriophage has a cylindrical shape with a length of 880nm and a diameter of 6nm. It encapsulates a single-strand genome that encodes five different capsid proteins (Fig. 1A) . The body of the phage is composed of 2700 copies of pVIII, the major capsid protein. At one end of the virus, there are ~5 copies of both pIII and pVI proteins, and at the other end there are ~5 copies of both pVII and pIX proteins 1 .
The capsid proteins of M13 bacteriophage have been used to express combinatorial peptide libraries or protein variants (ranging from single domains to antibodies) to screen for target ligands in a process known as phage display 2 . This technique has enabled not only identification of peptides with affinity for biological targets such as proteins, cells, and tissues [3] [4] [5] [6] , but also allowed the identification of biomolecules that bind inorganics [7] [8] . These molecules, when expressed on the M13 capsid proteins, can serve as scaffolds for nanowires, structures, and devices [9] [10] [11] [12] [13] . Functionalization of a virion capsid such as M13 is currently accomplished using chemical and/or genetic approaches [14] [15] . However both strategies have limitations. Chemical conjugations are convenient and versatile, but they label motifs found on multiple M13 capsid proteins and oftentimes require non-physiological pH and reducing conditions that compromise the activity of the molecule that is being attached or of the moieties already displayed on other capsid proteins 14 .
Genetic engineering of phage allows the encoded protein/peptide to be displayed precisely 13, 16 , but it has intrinsic restrictions. Two classes of vectors are available for genetic phage display: phagemid and phage. A phagemid allows expression of large fusions with any of 4/33 the five M13 phage capsid proteins, but these fusions are incorporated at low efficiency [17] [18] [19] [20] [21] . In a phage vector, the M13 bacteriophage genome is modified directly. As a result, every copy of the recombinant capsid protein incorporated into the virus displays the modified protein. However, this strategy does not support display of large moieties [22] [23] [24] . pVIII allows the display of a larger number of recombinant molecules per phage particle, but it also has the strictest size limitation in phage vector display. pVIII peptide libraries are mostly limited to sizes of up to 10 amino acids, as phage with longer insertions rarely assemble [25] [26] . Insertions of 6-20 amino acids onto pVIII are possible using phagemid, but their display is inefficient with less than 25% of the copies of pVIII containing the desired fusion product 20 . Incorporation of proteins is even less efficient on pVIII: a 23kDa protein is displayed, on average, on less than a single copy of the pVIII fusion per phage particle using a phagemid vector 18 . Phage display methods on the pVIII have been able to increase the binding affinity of phage displaying a moiety 23 , but the displayed copy number of the moiety has not been determined. Large moieties of at least 23kDa have been genetically fused to all four minor capsid proteins using a phagemid vector 22, [27] [28] , but only pIII has been extensively used in the phage vector system 29 . However, viability of the resultant phage fusions does not guarantee that the recombinant peptide/protein of interest displays its native structure. Both the environment where phage assembles and the phage coat protein to which the protein of interest is fused may interfere with proper folding 30 . This is particularly critical for enzymes and antibodies, as they might not be functional when incorporated into the phage structure.
To expand the versatility of M13 as a display platform, we devised a strategy based on sortase-mediated chemo-enzymatic reactions to covalently attach a variety of moieties to the N-
terminus of pIII, pIX, and pVIII. We obtained a vast improvement over the published data in the copy number of displayed peptides and proteins, particularly on pVIII.
Sortase A enzymes allow modification of proteins by enzymatic ligation with a wide range of functional groups (including biotin, fluorophores, and other proteins) at the C-terminus, N-terminus, or at both termini of the protein of interest [31] [32] [33] [34] [35] . The widely used sortase A from Staphylococcus aureus (SrtA aureus ) recognizes substrates that contain an LPXTG sequence 36-38 , whereas sortase A from Streptococcus pyogenes (SrtA pyogenes ) recognizes substrates with an LPXTA motif 33, 39 . The sortase enzymes cleave between the threonine and glycine or alanine residue, respectively, to yield a covalent acyl-enzyme intermediate that is resolved by nucleophilic attack of a suitably exposed amine, namely oligoglycine or oligoalanine-containing peptides 39 in the case of SrtA aureus or SrtA pyogenes , respectively ( Fig. 1B ). Using these two orthogonal sortase A enzymes 33 , we established conditions to site-specifically attach two different moieties onto two capsid proteins in a single phage particle.
The sortase labeling method has several advantages over genetic and chemical methods.
First, the reaction is site-specific, as none of the coat proteins naturally display the required motifs to participate in sortase-mediated reactions. Second, these motifs are small and, therefore, can be easily inserted into the phage genome, maximizing the number of potential attachment sites. Third, a protein to be displayed on phage by means of sortase can be properly folded separate from the assembly of phage. The site-specific nature of the reaction fixes the orientation of the displayed protein. Fourth, the reactions are performed under physiological conditions. Fifth, sortase reactions afford attachment of a wide range of molecules, including those that cannot be genetically encoded such as fluorophores and biotin.
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This work establishes the component parts to build phage structures that have new material and biological applications. We provide two examples: the creation of a new lampbrush structure by fusing different phage particles through pIII/pVIII and a fluorescently labeled phage containing a cell-targeting moiety to stain and to FACS sort cells.
Experimental Procedures

Generation of the M13 phage constructs
The oligonucleotides used to design the different phage constructs are compiled in Table S1 .
The G 5 -pIII phage was engineered by inserting the G5pIIIC and G5pIIINC annealed oligonucleotides into the M13KE vector (New England Biolabs), previously digested with EagI and Acc65I restriction enzymes. To construct the A 2 G 4 -pVIII phage, the M13SK vector 40 was digested with PstI and BamHI restriction enzymes and the A2G4pVIIIC and A2G4pVIIINC annealed oligonucleotides were inserted. To engineer the G 5 HA-pIX construct, the 983 vector was used. This vector was created by refactoring the M13SK vector so the pIX and pVII genes are not overlapping. Upon digestion of this vector with SfiI, the annealed G5HApIXC and G5HApIXNC oligonucleotides were inserted. The G 5 -pIII-A 2 -pVIII phage construct was created using a modified M13SK vector 40 , which has a DSPHTELP sequence on pVIII and a biotin acceptor peptide (GLQDIFEAQKIEWHE) on pIII. Five N-terminal glycines were added to pIII following the above strategy described for G 5 -pIII phage. The resultant vector was then modified at the N-terminus of pVIII using the QuikChange II site-directed mutagenesis kit (Stratagene) and the pVIIIAADSPH oligonucleotide pair. All the generated phage vectors were transformed into the XL-1 Blue bacterial strain, plated in agar top on LB agar plates containing 7/33 1mM IPTG, 40µg/mL X-Gal, and 30µg/mL tetracycline. Plaques were selected and DNA was isolated and sequenced to check for the insertion.
For phage amplification, the E. coli strain ER2738 (New England Biolabs) in LB media supplemented with 30µg/mL tetracycline, was infected with phage for at least 12hrs at 37˚C.
The cultures were centrifuged at 12000g for 20min and the phage was precipitated from the supernatant at 4˚C with the addition of 1/5 of the supernatant volume of 20% PEG8000/2.5M NaCl solution. Upon centrifugation at 13500g for 20min, the pellet was resuspended in 25mM
Tris, 150mM NaCl, pH 7.0-7.4 (TBS). For further purification, this resuspension was subjected to two rounds of centrifugation/precipitation. The final phage concentration averaged between 10 13 -10 14 plaque forming units (pfu) per mL as determined by UV-vis spectrometry 41 .
Sortase-mediated reactions
SrtA pyogenes and SrtA aureus were expressed and purified as described 33, 42 . Sortase reactions were performed as indicated in the figures. A typical sortase reaction with SrtA aureus included 200nM phage, 50µM SrtA aureus , and 50µM substrate for small peptides or 20µM for proteins. The reactions were incubated for 3hrs at 37˚C (for small peptides) or at room temperature (for proteins) in TBS with 10mM CaCl 2 . SrtA pyogenes -mediated reactions included 8nM phage, 50µM
SrtA pyogenes , and 20µM substrate, incubated for 3hr at 37˚C in TBS. Where indicated, phage was purified by PEG 8000/NaCl precipitation after diluting the reactions with TBS such that the substrate concentration was below 600nM.
For the flow cytometry experiments, the G 5 -pIII-A 2 -pVIII phage construct was labeled with K(TAMRA)-LPETAA on pVIII.
The resultant labeled phage was purified by PEG8000/NaCl precipitation, resuspended in TBS, and split into three parts. One part remained 8/33 unlabeled, and the other two were labeled with either VHH7.LPETG or anti-GFP.LPETG on pIII. As assessed by the anti-pIII antibody, a yield of 2.5 antibody molecules per virion was achieved in both cases.
The yield of the sortase-mediated biotinylation reactions was determined using biotinylated GFP as a standard. This was prepared labeling GFP -comprising a LPETG at its Cterminus -with a biotin group using SrtA aureus (GFP.LPETGGGK(biotin)) 42 . Known amounts of the purified GFP.LPETGGGK(biotin) standard and varying volumes of the phage labeling reactions were loaded onto the same SDS-PAGE gel and analyzed by immunoblot using streptavidin-HRP (GE Healthcare). The signal obtained in the phage labeling reactions was compared with the signal derived from the GFP.LPETGGGK(biotin) calibration curve allowing us to infer the amount of phage protein labeled in the reaction. To calculate the labeling efficiency, the amount of labeled protein was divided by the amount of total phage protein loaded into the gel. The phage concentration was determined by UV-vis spectrometry and it was assumed that there were 2700 copies of pVIII, 5 copies of pIII, and 5 copies of pIX per phage particle.
To determine the yield of GFP-pVIII phage labeling, unincorporated GFP and sortase was removed from phage by PEG8000/NaCl precipitation. Varying volumes of GFP-pVIII phage and known amounts of GFP were loaded onto the same SDS-PAGE gel and analyzed by immunoblot using an anti-GFP-HRP antibody (Santa Cruz Biotechnology). The signal of the GFP-pVIII fusion protein was compared to the signal of the GFP calibration curve as described for the biotinylation reactions. For GFP-pIII and GFP-pIX labeling, the signal of the fusion protein was compared to the input amount of pIII or pIX as detected by anti-pIII (New England Biolabs) or anti-HA (Roche) antibodies, respectively. For GFP-pIII, the input signal consisted of only intact pIII molecules and lower molecular weight anti-pIII reactive proteins were not included. These proteins can be attributed to proteolyzed pIII 43 . Because the anti-pIII antibody recognizes the C-terminus of the protein, these fragments cannot be labeled using SrtA aureus . In all cases the blots were scanned and densitometric analysis was performed using the ImageJ program (National Institutes of Health). The labeling yield was averaged over three independent reactions with three aliquots from each reaction analyzed. The standard deviation of the reactions was calculated from the averages of the three independent reactions.
Dynamic light scattering (DLS)
DLS measurements were obtained with a Beckman Delsa-Nano C Particle Analyzer (Beckman Coulter Inc). Phage mixtures were diluted to ~10 11 pfu/mL in 1mL of water and loaded into a cuvette. Samples from each experiment were measured in triplicate and the results were averaged by cumulant analysis. Autocorrelation functions were used as a direct comparison of aggregation because aggregates have a slower Brownian motion causing the signal correlation to be delayed to longer relaxation times.
Atomic force microscopy (AFM)
Phage preparations were diluted to a concentration of ~10 11 pfu/mL, and 100µL of this mixture were deposited on a freshly cleaved mica disc. AFM images were taken on a Nanoscope IV 100,000 events were collected for each sample.
Miscellaneous
Expression and purification of GFP.LPETG.His 6 and GFP.LPETA.His 6 , were performed as described 33 . Identification, characterization, expression, and purification of VHH7.LPETG.His 6 will be published elsewhere. Streptavidin was cloned as a streptavidin.LPETG.HAtag.His 6 fusion protein using the template Addgene 20860 44 , and expressed as a soluble tetrameric streptavidin 45 . Purification was performed following the same protocol used for GFP 33 . Sortase 
Results
N-terminal labeling of pIII using SrtA aureus
pIII has been the most extensively explored of the M13 capsid proteins in phage display because of the flexibility and accessibility of its N-terminus 46 . Thus, we introduced five glycines at the N-terminus of pIII (G 5 -pIII phage) and used SrtA aureus to covalently attach a K(biotin)-LPETGG peptide ( Fig. 2A ). The biotin moiety allowed us to monitor the reaction by immunoblot analysis using streptavidin-HRP. Only when sortase, G 5 -pIII phage, and the peptide are incubated together did we detect a 55kDa streptavidin and anti-pIII reactive protein band ( Fig. 2A ). The reaction was specific: no other phage proteins were biotinylated. After 3hrs at 37˚C, we achieved a yield of 68±9% labeling using 50µM peptide, 50µM SrtA aureus , 200nM G 5 -pIII phage, and 10mM CaCl 2 . The efficiency of the reaction was calculated using densitometric analysis of immunoblots where we compared the signal of the biotinylated pIII to biotinylated GFP standards of known concentration. The amount of biotinylated pIII was then divided by the amount of pIII molecules loaded onto the gel, as determined by UV-vis spectrometry. The quantification was repeated for three independent reactions with three samples analyzed for each 12/33 reaction. The method of quantification is described in further detail in the Experimental Procedures section.
To determine whether sortase could be exploited to attach pre-folded proteins onto pIII, we used GFP containing an LPETG motif at its C-terminus as a substrate. The reaction was analyzed by immunoblot using an anti-pIII antibody (Fig. 2B ). Upon completion of the reaction, a mobility shift of pIII to the ~80kDa region, corresponding to the GFP-pIII fusion product, was detected. The identity of this material was confirmed by mass-spectrometry ( Fig. 2B and Fig.   S1 ). After 3hrs at room temperature, we achieved a yield of 56±2% labeling using 20µM GFP-LPETG, 50µM SrtA aureus , 200nM G 5 -pIII phage, and 10mM CaCl 2 . The reaction was quantified by densitometry comparing the signal of pIII-GFP to the signal of the intact pIII input loaded into the reaction.
N-terminal labeling of pIX using SrtA aureus
Because the C-terminus of pIX is buried in the phage structure and therefore unavailable for labeling 47 , we attempted to label its N-terminus. However, this region of the protein is not as accessible as in pIII and our first attempts at labeling a phage construct displaying five glycines at the N-terminus of pIX using sortase failed (data not shown). To increase accessibility of the five glycines, the N-terminus of pIX was extended with an HA tag, a useful handle for detection, as no pIX-specific antibodies are available. This G 5 HA-pIX phage construct was labeled with the K(biotin)-LPETGG peptide and the reactions were analyzed by immunoblot using streptavidin-HRP and an anti-HA antibody. A 5kDa polypeptide, reactive with both streptavidin and anti-HA, was seen only in the complete reaction (Fig. 3A) . We achieved a yield of 73±2% using 50µM peptide, 50µM SrtA aureus , 200nM G 5 HA-pIX phage, and 10mM CaCl 2 upon 13/33
incubation at 37˚C for 3hrs. A similar efficiency was attained when attaching GFP to pIX:
74±1% of pIX was labeled when 20µM GFP-LPETG, 50µM SrtA aureus , 200nM G 5 HA-pIX phage, and 10mM CaCl 2 were incubated for 3hrs at room temperature. A 35kDa anti-HA reactive polypeptide -consistent with the molecular mass of the GFP-pIX fusion protein -was detected only in the complete reaction and its identity was confirmed by mass-spectrometry ( Fig.   3B and Fig. S2 ).
N-terminal Labeling of pVIII using SrtA pyogenes
In the course of phage biogenesis the N-terminus of pVIII is proteolytically cleaved, resulting in the display of an N-terminal alanine 41 . We took advantage of this feature and exploited SrtA pyogenes to label pVIII. Also, the ability of using two orthogonal sortase enzymes (SrtA pyogenes for pVIII and SrtA aureus for pIII and pIX labeling) would further enable dual labeling of the same phage particle.
To be used as a nucleophile in SrtA pyogenes -mediated reactions, pVIII requires display of two N-terminal alanines. Thus, the N-terminus of the mature form of pVIII was modified to AAGGGG (A 2 G 4 -pVIII phage). The glycines were introduced to extend the N-terminus of pVIII away from the body of the phage, thus improving the accessibility of the Ala-Ala motif for participation in the sortase reaction. Using SrtA pyogenes and a K(biotin)-LPETAA substrate peptide, we showed robust labeling of pVIII based on an immunoblot using streptavidin-HRP ( Fig. 4A ). Only when A 2 G 4 -pVIII phage, SrtA pyogenes , and the peptide were mixed together did we detect a biotinylated 10kDa protein, consistent with the size of pVIII. The labeling reaction was site-specific as no other proteins can be detected in the blot. We obtained a yield of 50±3% labeled pVIII when reactions were performed at 37˚C for 3hrs with 20µM peptide, 50µM
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SrtA pyogenes , and 8nM A 2 G 4 -pVIII phage. This translated to 1350±90 biotin molecules on average per phage particle.
Phage assembly limits either the size of the modifications displayed on pVIII to a few residues when using a phage vector, or it limits the number of labels attached to pVIII when using a phagemid vector 20 . In this context, the sortase-labeling strategy is an obvious alternative to overcome such limitations. Using 20µM GFP containing a LPETA motif at its C-terminus, 50µM SrtA pyogenes , and 8nM A 2 G 4 -pVIII phage, we were able to attach 91±20 GFP molecules on average per phage particle upon incubation at 37˚C for 3hrs ( Fig. 4B ). The identity of the 35kDa anti-GFP reactive protein, consistent with the size of a GFP-pVIII fusion protein, was confirmed by mass-spectrometry ( Fig. 4B and Fig. S3 ). As estimated by nearest neighbor packing (described in Supplementary Information) , a single virion can accommodate 385 copies of GFP on its surface. Thus, using the sortase-mediated reaction, we obtained a yield of ~25% of estimated maximum packing.
Building end-to-body phage structures
The ability to site-specifically label the M13 capsid proteins provides the opportunity to create novel multi-phage structures, which may provide scaffolds for new materials and devices. One such structure (Fig. 5A ) relies on tight binding of the ends of several phage particles (via either pIII or pIX) to the body of another single phage (onto pVIII). However, direct covalent attachment between two phage proteins is not possible using sortase as we were unable to label the C-terminus of pIII, pIX, or pVIII (data not shown). This issue was solved by attaching streptavidin to pIII, biotin to pVIII, and then mixing the two preparations.
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Streptavidin, modified to contain a C-terminal LPETG motif in each of its monomers, was attached to the G 5-pIII phage using SrtA aureus . The samples were boiled, loaded onto an SDS-PAGE gel, and analyzed by immunoblot using an anti-pIII antibody. A 90kDa polypeptide, consistent with the size of pIII fused to a streptavidin monomer, was seen only when all the reaction components were mixed together (Fig. S4) . The streptavidin-pIII phage was purified from sortase and free streptavidin by PEG/NaCl precipitation. Dynamic light scattering (DLS) was performed in order to monitor dispersity and aggregation. The normalized autocorrelation function (ACF) of streptavidin-pIII phage showed an exponential decay consistent with monodisperse populations (Fig. 5B ). This was confirmed by atomic force microscopy (AFM) that showed individual virions, indicating that only a single phage particle was attached per streptavidin tetramer (Fig. S5 ). Biotin was conjugated to pVIII using the K(biotin)-LPETAA peptide and SrtA pyogenes as described above. The biotinylated phage was purified by PEG/NaCl precipitation to remove free peptide and the sortase-acyl intermediate. The biotinylated phage was observed as individual phage particles by AFM and the ACF showed an exponential decay, again indicating a monodisperse population ( Fig. 5B and Fig. S5 ).
The streptavidin-pIII phage and the biotin-pVIII phage were mixed at a 5:1 molar ratio and incubated at room temperature for 15min. Analysis of these samples by DLS showed an increase of the hydrodynamic diameter for the lampbrush phage mixture (700nm) when compared to streptavidin-pIII (516nm) and biotin-pVIII (204nm) phage preparations. When the two types of phage were mixed, the ACF (Fig. 5B) shows a rising shoulder at longer relaxation times, indicating a polydisperse population. The longer relaxation times observed in the shoulder represent structures larger than single phage. These larger structures were observed by AFM ( Fig. 5C and Fig. S5 ). Linkages between the end of one phage and the body of another 16/33 phage were observed when streptavidin-pIII and biotin-pVIII are mixed. These linkages were not detected when the individual phages were visualized by AFM (Fig. S5 ).
Site-specific labeling of two capsid proteins in the same phage particle
The two orthogonal sortases used to label different capsid proteins offer the possibility to attach different moieties to the body (using SrtA pyogenes ) and to the end of phage (using SrtA aureus ) within the same virion. In such a strategy, either pIII or pIX could be labeled with SrtA aureus orthogonally to the pVIII, so as a proof-of-concept, a phage variant that contains a double alanine at the N-terminus of pVIII and the pentaglycine motif at the N-terminus of pIII was generated (this construct is referred to as G 5 -pIII-A 2 -pVIII). Conditions were optimized to label each of these proteins in a site-specific manner. Because such dual-labeled phage could be a useful tool to sort cells by FACS (see below and discussion section), we here provide the proofof-concept by labeling the body of phage with a fluorophore and the tip of phage with a celltargeting moiety.
pVIII was labeled with a K(TAMRA)-LPETAA peptide and purified using PEG/NaCl precipitation to remove free peptide and sortase (Fig. 6A) . A fluorescent 10kDa protein, corresponding to pVIII, was the only polypeptide detected in the complete reaction. This confirmed successful labeling and site-specificity of SrtA pyogenes . The pIII of this fluorescent phage was then incubated with SrtA aureus and a 15kDa single domain antibody, VHH7, modified with a C-terminal LPETG motif. VHH7 recognizes murine Class II MHC products (the development and expression of VHH7 will be described elsewhere). Attachment of VHH7 to pIII was monitored by immunoblot using an anti-pIII antibody (Fig. 6B ). Comparing the signal intensities of VHH7-pIII 90kDa polypeptide and of pIII, we estimated that on average 2-3 VHH7
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molecules are attached per phage particle, a number similar to what can be obtained when screening phagemid libraries of pIII fusions by panning [48] [49] .
Flow cytometry experiments using fluorescent phage
Fluorescent phage has been used for targeted staining in vivo [50] [51] as well as flow cytometry experiments 52 . However, these have been performed with short peptide phage display libraries. directly conjugated to TAMRA, as only a few double positive cells were detected when incubated with an equivalent amount of the latter (Fig. 6C ).
Discussion
We show that sortase-mediated reactions overcome many of the limitations of current methods to functionalize M13 capsid proteins. The main body and both ends of the viral capsid can be functionalized with substituents that cannot be encoded genetically (such as biotin and fluorophores), and we can also install properly folded and assembled proteins (such as GFP and streptavidin) in a manner that could easily be extended to oligomeric proteins as well.
One of the major challenges has been the modification of the major capsid protein pVIII.
Using sortase, labeling efficiencies were greater than those obtained genetically (Table 1 ). In the past, biotinylated phage has been produced by display of the biotin acceptor peptide (BAP) 54 , a 15-amino acid sequence. Peptides similar in size have been displayed at no more than 400-700 copies per phage, with the efficiency being sequence-dependent 20 . Here we attach 1350 biotin molecules on average per phage particle, a great improvement in the display of a small molecule.
Moreover, because the peptide substrate for sortase can be modified with peptides, proteins, fluorophores, etc. [31] [32] [33] [34] [35] , phage can be decorated with a wide range of substituents. As far as display of proteins is concerned, proteins similar in size to GFP have been incorporated at fewer than one copy per phage on pVIII using a phagemid system 18 . Using sortase, we display ~90 GFP molecules on average per phage particle.
For the pIII and pIX proteins, we show that every phage can be labeled with multiple copies of the desired peptide/protein (Table 1 ). An advantage of using sortase to covalently attach proteins to phage over genetically engineering pIII directly is that it ensures display of the 19/33 correct quaternary structure of the protein. This can be inferred from our experiments using streptavidin. The mixing of two phage particles, one containing streptavidin on pIII and the other containing biotin on pVIII results in a novel and complex phage structure. This shows that the streptavidin structure displayed on phage remains fully active and binds biotin.
Sortase enzymes in combination with the streptavidin-biotin pair 45 or in conjunction with click-chemistry can generate novel structures. The ability of patterning and aligning materials on phage or of increasing its surface area is important for the development of new materials. For example, the lampbrush phage structure generated here ( Fig. 5 ) may find application in lightsensitive processes where phage branching off the stem could be functionalized to act as antennae to capture light 55 .
In addition to N-terminal labeling of single capsid proteins, two capsid proteins were labeled site-specifically on a single phage particle using two orthogonal sortases. This could be explored for panning of antibody libraries displayed on pIII. Due to the exquisite site-specificity of sortase, fluorescent peptides can be added to pVIII without modification of the moiety displayed at pIII. Fluorescent labeling by other chemistries does not easily afford such specificity, especially when displaying a large moiety, such as an antibody fragment. The sensitivity of detection should increase when a phage particle contains many fluorophore groups on pVIII. This is indeed what we observe in our flow cytometry experiments, showing that this strategy greatly enhances the sensitivity of detection. Increased sensitivity would be instrumental in the context of a future panning strategy for detection of rare binding events, whether due to low concentration of the target or low phage concentration.
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Modification of pIII and pIX by sortase will be useful first and foremost for material applications, where the physical properties of phage and not its utility as a library vector are of prime concern. Fluorescent modification of pVIII is compatible with the construction and screening of libraries created using pIII genetic fusions. In this case, the site-specificity and yield of the sortase reaction allow the generation of libraries that can be screened directly by fluorescence. Thus, the versatility of the sortase-based labeling strategy described here will enable development of a wide array of tools, expanding the use of phage either for the creation of new materials or for new biological applications. bacteriophage is composed of five capsid proteins. pVIII is the major capsid protein with ~2700 copies in each phage particle. The pVII (light blue) and pIX (blue) are located at one end and start the assembly process, while pIII (green) and pVI (red) are at the other end and cap the phage. Note: the image is not to scale (a). Schematic representation of the mechanism of chemo-enzymatic labeling mediated by Staphylococcus aureus (SrtA aureus -left) or Streptococcus pyogenes (SrtA pyogenes -right) (b). Schematic representation of the strategy used to couple two different moieties to two different capsid proteins (a). Labeling of pVIII with a K(TAMRA)-LPETAA peptide mediated by SrtA pyogenes was followed by labeling of pIII with a single domain antibody directed to Class II MHC as a cell targeting moiety and SrtA aureus (see Experimental Procedures section for details). The final product was analyzed by fluorescent scanning imaging to visualize labeling of pVIII, followed by immunoblotting using an anti-pIII antibody to monitor the efficiency of labeling (b). There are five copies of pIII/ phage particle. The asterisks indicate unidentified anti-pIII reactive proteins, which probably correspond to proteolytic fragments of pIII. Binding of the dual labeled phage to lymphocytic Class II MHC+ cells was observed by flow cytometry (c). The Class II MHC+ enriched cell fraction of the lymph nodes of a C57BL/6 mouse was stained for B220 together with the dual labeled phage (phage-TAMRA-VHH7), TAMRA labeled phage (no cell targeting motif, phage-TAMRA), or anti-Class II MHC directly conjugated to TAMRA (TAMRA-VHH7). Figure S4 -pIII labeling with streptavidin. G 5 -pIII phage (there are five copies of pIII/ phage particle) was incubated with SrtA aureus and streptavidin containing a C-terminal LPETG motif in each monomer. The reactions were monitored by SDS-PAGE under reducing conditions followed by immunoblotting using an anti-pIII antibody. The molecular weight markers are shown on the left. The unidentified anti-pIII reactive protein (*) is attributed to proteolyzed pIII. The identity of the streptavidin-pIII fusion product was determined by mass-spectrometry. The amino acid sequences of pIII and streptavidin monomer are shown in blue and green, respectively. The peptides identified are highlighted in bold. The tryptic peptide comprising the streptavidin C-terminus, followed by the SrtA aureus cleavage site, fused to the N-terminal glycines of pIII is shown in red.
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Figure S5 -AFM characterization of lampbrush phage structure. Phage with the Nterminus of pIII labeled with streptavidin and phage with the N-terminus of pVIII conjugated to biotin were created using sortase-mediated reactions. The phage preparations were visualized by AFM before (top right and top left panels) and after mixing (bottom panels; see Experimental Procedures section for details). 
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Supplemental Methods
Estimating nearest neighbor packing of GFP on phage surface
Using the crystal structure of the pVIII capsid protein (1IFJ) 1 , a model viral capsid was constructed with five fold symmetry serving as a model of the phage surface. A crystal structure of GFP (1GFL) 2 was oriented such that its C-terminus was adjacent to the N-terminus of pVIII.
By analyzing this image, it was determined that one GFP molecule blocked the N-termini of the six pVIII proteins surrounding the GFP-pVIII fusion meaning at most one out of seven pVIII proteins can be labeled with a GFP. From this, it was calculated that a single virion with 2700 pVIII proteins would have at most 385 GFP molecules. The visualizations were performed using WinCoot 3 .
